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Abstract
The production of heavy and light neutrinos in e+e− future colliders is considered.
The cross section for the process e+e− → νN and then the heavy neutrino decay N →
W±e∓ is determined for experimentally possible values of mixing matrix elements.
The bound on the heavy neutrino-electron mixing is estimated in models without
right-handed currents. The role of neutrino CP eigenvalues and the mass of the
lightest Higgs particle are investigated. The angular distribution of charged leptons
in the total CM frame resulting from the heavy neutrino decay and from the main
W+W− production background process are briefly compared.
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1 Introduction
Our experimental knowledge about neutrinos is still relatively small. The results of
terrestrial experiments agree with the prediction of the standard model (SM) where
neutrinos are massless, left current interacting particles. As a consequence we do
not even know if neutrinos have Dirac or Majorana character. There are however,
astrophysical observations and cosmological estimations which, most probably, require
massive neutrinos [1]. There is also the first terrestrial experiment in which there is
some indications that a neutrino oscillates [2] and as a consequence at least one
should be massive. The existence of such small mass neutrinos is predicted by many
extensions of the SM. Usually the light neutrinos are accompanied by neutrinos with
large mass in such a way that the so called see-saw mechanism [3] occurs. The
production of heavy neutrinos in the future linear colliders depends on their masses
and couplings to known leptons and bosons. The couplings of a neutrino below
the MZ mass are strongly restricted by present LEP data [4] so we will concentrate
on neutrinos with masses above the Z0 mass. If the explanation of small neutrino
masses is given by the see-saw mechanism then the present experimental bounds
for the light (eV-keV-MeV region) and the heavy neutrinos MN > MZ give very
small mixing angles. With such mixing angles the heavy neutrinos decouple from low
energy physics and the cross section for their production in the future linear colliders
is beyond our experimental interest. There are, however, models where light-heavy
neutrino mixings are not connected with the see-saw mechanism. The general idea
can be explained by an elementary example of the ‘light’ (ν) and the ‘heavy’ (N)
neutrino. Let us assume that in the (ν,N)T basis the neutrino mass matrix is
M =
(
a b
b c
)
, (1)
where for simplicity we assume that all elements a,b,c are real numbers. The masses
and the mixing angle are given by
m1,2 =
1
2
(
a+ c∓
√
(a− c)2 + 4b2
)
, (2)
and
sin 2ξ =
2b√
(a− c)2 + 4b2
. (3)
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There are two ways of predicting the light-heavy spectrum of neutrino masses. One
is the see-saw mechanism where a=0, c >> b and then
| m1 |≃ b
2
c
, | m2 |≃ c >> m1, (4)
and, unavoidably,
ξ ≃ b
c
≃
√
| m1 |
m2
<< 1. (5)
The other one in which we assume that a 6= 0 and due to internal symmetry ac = b2
gives
m1 = 0,
m2 = a+ c, (6)
and
sin ξ =
2
√
ac
a+ c
. (7)
If the symmetry, which at the tree level gives the relation ac = b2, is broken we obtain
m1 6= 0 << m2
in the higher order (see e.g. [5]). In this sort of models sin 2ξ is not connected with
the ratiom1/m2 and can be large (sin 2ξ ≃ 1) for a ≃ c. Any model realizing this idea
in the natural way is an alternative to the see-saw mechanism and helps to explain
the spectrum of neutrino masses. Several kinds of such models were considered in
literature [6]. In these scenarios the mixing angles are independent parameters not
connected to the neutrino masses and are only bound by existing experimental data.
In this paper we have found such boundary for mixing parameters which is model
independent. We also assume that heavy neutrinos exist with such masses that they
can be produced in future e+e− colliders [7]. With these assumptions we determined
the cross section for the production of heavy and light neutrinos in future e+e−
colliders. We have also considered the decay of heavy neutrinos N → W+l− or
W−l+ and the angular distribution of charged leptons in the total CM system. The
decay channel is easily distinguished from the charged lepton production in various
background processes where W± pair production and decay are dominant. The effect
of the lightest, SM Higgs particle on the process e+e− → νN(W+e− or W−e+) is also
discussed. The process of production of heavy neutrinos in e+e− colliders has already
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been considered in literature [8]. However, to our knowledge, the analysis with all
details mentioned above have not been performed.
In the next Chapter the bounds on mixing matrix elements using the full experi-
mental information are given. In Chapter 3 the angular distribution for final electron
(positron) in the process
e+e− → ν N
→֒ e±W∓
(8)
is calculated. Conclusions are given in Chapter 4.
2 Mixing matrix elements.
The cross sections for production and decay of heavy neutrinos (Eq. (8)) are given in
the Appendix (Eqs. A.1,A.2,A.3). The mixing matrix elements KNl and ΩNν of the
lepton sector analog of Kobayashi-Maskawa matrices [9], decide about the magnitude
of the cross section. Precisely the helicity amplitudes are proportional to
(KNe)
2Kνe in the t and u channels,
and
KNeΩNν where ΩNν =
∑
l=e,µ,τ
KNlK
∗
νl in the s channel. (9)
From the present experimental data we are not able to determine all elements of the
K matrix. Fortunately, with good approximation only one mixing matrix element
KNe between electron and the lightest heavy neutrino N will decide about the size
of the cross section and it is possible to determine the bound on it from existing
experimental data. Phases of KNl’s have no influence (there is no t-u interference)
and this means that no effects of CP violation are seen in the process [10].
In the previous paper [11] we have analyzed the existing experimental data which
restrict the mixing matrix elements. Three different combinations of light and heavy
neutrino masses and their mixing with leptons are possible to be limited:
(i) from the lack of lepton number violation processes (e.g. µ→ eγ, µ→ 3e, µ→ e
conversion in nuclei [12]) and from the number of light neutrino species Nν it is
possible to get ∑
N(heavy)
| KNe |2≤ κ2, (10)
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and the lack of a signal in neutrinoless double-β decay (ββ)0ν gives two bounds
(ii) for the light neutrinos
| ∑
ν(light)
K2νemν |< κ2light, (11)
(iii) for the heavy neutrinos
| ∑
N(heavy)
K2Ne
1
mN
|< ω2. (12)
The matrix K must be unitary and this means that
(iv) ∑
ν(light)
| Kνe |2 +
∑
N(heavy)
| KNe |2= 1. (13)
In paper [11] we have also used the constraints which follow from the lack of Higgs
triplets in considered gauge models. As a result, in the first order, the mass term for
left-handed neutrinos does not appear. Here we will omit this assumption. In this
way the limits which we get are model independent. To find the inequalities (10)-
(12) only one model assumption is made, i.e. the lack of right-handed current hence
our considerations are valid for any model without right-handed charged currents.
We know however, that due to large mass of the right-handed gauge boson(s) W±R ,
the influence of right-handed current on the production of one light and one heavy
neutrino is marginal [13].
Using restrictions (i)↔(iv) the upper bound on KNl mixing depends on 1) the
number of heavy neutrinos (nR) and 2) their CP parities (ηCP ).
• nR = 1
For heavy neutrino with mass less than 1 TeV (M < 1 TeV) we get from relation
(12)
| KNe |2< ω2M (14)
and the total cross section is bounded by the small value of ω (see next Chapter).
• nR = 2
There are two heavy neutrinos with masses M1 = M and M2 = AM (A ≥ 1).
The couplings depend on the CP parities of both neutrinos. If they are the same e.g.
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ηCP (N1) = ηCP (N2) = +i then mixing parameters can be treated as real KN1e = x1
and KN2e = x2. The relations (10) and (11) give
x21 + x
2
2 ≤ κ2,
| x21 +
x22
A
| ≤ ω2M, (15)
and the situation is the same as in case nR = 1 (Eq. (14)), the coupling of the N1
neutrino is small x21 ≤ ω2M . If, however, heavy neutrinos have opposite CP parities
ηCP (N1) = −ηCP (N2) = i then KN1e = x1, KN2e = ix2 and the relations (10) and
(12) give
x22 ≤ κ2 − x21,
x22 ≥ A(x21 − ω2M),
and
x22 ≤ A(x21 + ω2M). (16)
The sketch of the region in x21 ↔ x22 plane of still experimentally acceptable mixing
parameters is shown in Fig.1. The maximum value of K2N1e is equal
(K2N1e)max =
κ2 + AMω2
A+ 1
. (17)
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Fig.1 Sketch of the region in x21 ↔ x22 plane of still experimentally acceptable mixing parameters
for two heavy neutrinos. Maximum value of x21 is equal (x
2
1)max =
κ
2
+AMω
2
A+1
and approaches κ
2
+Mω
2
2
for A→ 1.
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• nR = 3
If the CP parities of all neutrinos are the same ηCP (N1) = ηCP (N2) = ηCP (N3) =
±i then all couplings are small and the same inequality (14) as in the nR = 1, 2 cases
restricts the KN1e mixing.
A more interesting situation arises if we assume that not all ηCP ’s of neutrinos
are the same. Let us assume that ηCP (N1) = ηCP (N2) = −ηCP (N3) = +i then
KN1e = x1, KN2e = x2 and KN3e = ix3. From relations (10) and (12) we obtain three
inequalities (M1 = M, M2 = AM, M3 = BM)
x23 ≤ −x21 − x22 + κ2,
x23 ≥ Bx21 +
B
A
x22 − BMω2,
and
x23 ≤ Bx21 +
B
A
x22 +BMω
2. (18)
The region in (x21, x
2
2, x
2
3) frame of still experimentally acceptable parameters is
shown in Fig.2. The maximum value of K2N1e is equal
(K2N1e)max =
κ2 +BMω2
B + 1
(19)
and can be as large as (κ2 +Mω2)/2 for B → 1.
The other combination of ηCP ’s leads to the bound on K
2
N1e which is the same as
in the case nR = 1 or to this given by Eq.(19). So finally we can state that regardless
of the number of heavy neutrinos the most optimistic bound on | KNe |2 is equal
| KNe |2< ω2M if there are no correlations between elements of the K matrix or
| KNe |2< (κ2 + ω2M)/2 if there are correlations and some ηCP ’s of heavy neutrinos
are opposite.
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Fig.2 Sketch of the region in (x21, x
2
2, x
2
3) plane of still experimentally acceptable mixing pa-
rameters for three heavy neutrinos (nR = 3). The region of acceptable parameters is bound by
three reference frame planes (x21, x
2
2),(x
2
1, x
2
3),(x
2
2, x
2
3) and the planes indicated in the Figure. The
maximum value of (x21) is equal (x
2
1)max =
κ
2
+BMω
2
B+1
and approaches κ
2
+Mω
2
2
for B → 1.
3 Numerical results
3.1 Production and decay of heavy neutrinos
The light neutrinos will not be detected in the process e+e− → νN and we can only
measure the sum
σtot =
∑
i=e,µ,τ
σ(e+e− → νiN), (20)
over all light neutrinos. For N we take the lightest heavy neutrino N = N1. But from
Eq.(A.1) (neglecting charged lepton masses)
σtot ∝ | KNe |2
(
| Kνee |2 + | Kνµ |2 + | Kντ |2
)
7
= | KNe |2 (1−
∑
N
| KNe |2)2 ≃| KNe |2 . (21)
To calculate the cross section dσ
d cos Θe
(Eq.(A.3)) we also need to know the total
decay width ΓN for heavy neutrino decay. From Eqs. (A.2) we can calculate the
partial decay width for
N → W±l∓ decay
Γ(N →W±l∓) = | KNl |
2
8
√
2π
GF
m3N
(m2N + 2m
2
W )(m
2
N −m2W )2, (22)
and
N → Zνl decay
Γ(N → Zνl) = | ΩNνl |
2
8
√
2π
GF
m3N
(m2N + 2m
2
Z)(m
2
N −m2Z)2. (23)
Whether the decay channels of the N into the lightest Higgs particle H and light
neutrinos νl, N → νlH are opened depends on the relation between masses mN and
mH , if mN > mH the channels are opened and (see e.g. [5])
Γ(N → Hνl) = | ΩNνl |
2
8
√
2π
GF
mN
(m2N −m2H)2. (24)
We will consider both situations where mN > mH and mN < mH when the decay
channel is closed. However, since we are looking for a relatively light mN (∼ 100÷200
GeV) the situation where mN < mH (if mH ∼ 300 GeV) seems more plausible.
The total decay width we calculate from
ΓN =
∑
l
(
2Γ(N → l+W−) + Γ(N → νlZ) + Γ(N → νlH)Θ(mN −mH)
)
(25)
where ∑
l
Γ(N → l+W−) ∝ ∑
l=e,µ,τ
| KNl |2≃| KNe |2, (26)
∑
l
Γ(N → νlH),
∑
l
Γ(N → νlZ) ∝
∑
l
| ΩNνl |2≃
∑
l
| KNl |2≃| KNe |2 . (27)
In the approximations made in Eqs. (21,26 and 27) we assume that in each column
of K matrix (l = e, µ, τ)
(Kνel, Kνµl, Kντ l, KN1l, KN2l, ...)
T
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one element Kνll ≃ 1 (lepton universality) and only one coupling between heavy
neutrinos and lepton is visible KNl ≃ x. All other couplings are very small and we
neglect them.
The calculated decay width ΓN normalised to the factor | KNe |2 for various masses
mN is given in the Table 1.
Now we have all the ingredients to calculate the electron angular distribution in
the process
e+e− → νN → νe−W+.
In our approximation only one parameter | KNe |2 decides about the value of the cross
section. For nR = 1, regardless of the ηCP of the heavy neutrino, and for nR > 1 with
the assumption that ηCP ’s of all neutrinos are the same, | KNe |2 is bounded by the
lack of neutrinoless double β decay (Eq.(14)). There are problems with estimating the
role of heavy neutrinos in the (ββ)0ν process as the nuclear structure matrix elements
are calculated with limited accuracy [14]. The best limit is found from absence of
neutrinoless double beta decay in 76Ge by Heidelberg-Moscow collaboration [15]
ω2 < 2 · 10−5 TeV−1.
There are also other estimations of ω2. In paper [16] it was found that
ω2 < 2.8 · 10−5 TeV−1.
In Table II we give the maximum values of σtot(e
+e− → νN) (Eq.20) for various heavy
neutrino masses mN and different total energies
√
s. The value of ω2 decides about
σtot(max); σtot ∝ ω2 and the values of the total cross section for various ω2 can be
easily obtained from the Table. As the maximum value of | KNe |2 is proportional to
mN (see Eq.(14)) the cross section (Eq.(20)) increases with the heavy neutrino mass
with the exception when mN →
√
s at the end of the phace space.
For nR > 1 and for different values of ηCP of heavy neutrinos the bound from
(ββ)0ν (Eq.14) is not so crucial and | KNe |2 can be much larger (Eqs. (17) and (19)).
In the both considered cases nR = 2 and nR = 3 the largest possible value is
| KNe |2max→
κ2 +M [TeV ]ω2
2
M≤1 TeV−→ κ
2
2
(28)
for almost degenerate heavy neutrinos (A→ 1 for n=2, A >> B,B → 1 for n=3). In
the case B=1 there are two Majorana neutrinos with the same masses and opposite
CP parities which form the Dirac neutrino. In our studies, however, calculation of the
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cross section for Dirac neutrino production is not performed. Different values of κ2
are found for the model with singlet neutrinos: κ2 < 0.015 [17] and the more recent
one κ2 < 0.0054 [18]. If we use the recent LEP result for the number of light neutrino
species Nν = 2.989±0.012 [19] we obtain κ2 < 0.0055, a value very close to the global
fit given in [18]. In Table III the total cross section σ(e+e− → νN) for various mN
and
√
s is presented. Results are given for κ2 = 0.0054. Since σtot ∝| KNe |2, values
of the σtot for various KNe can be easily obtained from this Table.
In Fig. 3 we present the angular distribution for the final electron e−e+ → ν(N →
e−W+) for various masses of heavy neutrino mN = 100, 150 and 200 GeV calculated
for the maximum possible value of | KNe |2≃ κ22 . For κ2 we take the value κ2 = 0.0054.
Results are given for the Next Linear Collider with CM energy
√
s = 500 GeV. This
distribution has forward-backward symmetry. To show the influence of Higgs particle
we present results for mH = 100 GeV on the left side of the Figure (−1 ≤ cosΘe ≤ 0)
and on the right side (0 ≤ cosΘe ≤ 1) the Higgs decay channels are excluded. For
higher Higgs mass the total width ΓN is smaller and, due to the greater value of the
branching ratio for the N → lW decay, the cross section dσ
d cos Θe
is larger. Numerically,
Higgs has no influence on the cross section formN = 100 GeV (formH ≥ 100 GeV the
N → νH decay channel is closed) and the influence of the Higgs particle (mH = 100
GeV) is approximately equal 10 %, 15% for mN = 150, 200 GeV, respectively. For
higher energies the final electron distribution is more peaked in the forward-backward
direction (cosΘe = ±1). This is the result of W± exchange in t and u channels and
small contribution of the s channel Z0 exchange. For
√
s = 0.5 TeV the Z0 exchange
mechanism gives only 2% contribution to the total cross section [12] and is smaller
for higher energies. As an example we compared final electron distribution produced
by the decay of a heavy neutrino with mass MN = 100 GeV for
√
s = 500 and 1000
GeV (Fig. 4).
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Fig.3 Distribution of the final electron from a heavy neutrino decay for
√
s = 500 GeV collider
with MN = 100 GeV (solid line), MN = 150 GeV (long-dashed line) and MN = 200 GeV (short-
dashed line). Left half of the Figure gives results for mH = 100 GeV. On the right-hand side the
Higgs decay channels are excluded.
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Fig.4 Backward distribution of the final electron coming from a heavy neutrino decay (MN = 100
GeV) for two different energies:
√
s = 500 GeV (dashed line) and
√
s = 1000 GeV (solid line). For-
ward distribution is the same.
Finally in Fig.5 we present the angular distribution dσ
d cosΘe
for various masses of
heavy neutrino MN = 100, 300 and 500 GeV (for mH = 100 GeV). The cross section
becomes higher and more peaked in the forward-backward direction for smaller mass
of heavy neutrinos. The effect of growing dσ
d cosΘe
is the result of increasing BR(N →
lW ) and increasing of σtot(e
+e− → νN) (Table III) for smaller mN . The effect of
slope reducing with mN mass in the forward-backward direction is also kinematically
understandable.
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Fig.5 Backward distribution of the final electron coming from a heavy neutrino decay with mass
MN = 100 GeV (solid line), MN = 300 GeV (short-dashed line) and MN = 500 GeV (long-dashed
line) for
√
s = 1 TeV. Forward distribution is the same.
The main background process is the production of W+W− pair and then the
W± → e±ν decay. The distribution of charged lepton coming from the heavy neutrino
decay (N) already mentioned in this paper and from W ’s decays by e+e− → W+W−
process differs very much in forward-backward direction. For high energy (
√
s > 0.5
TeV) angular distribution of electrons coming from the W− decay is peaked in the
forward direction and has reducing slope in background direction. On the contrary,
the e− coming from N decay will travel equally well both in the forward and the
backward direction with increasing slope of angular distribution for | cosΘe| → 1
(Figs.3-5).
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4 Conclusions
We have found the cross section for heavy and light neutrino production in future
electron-positron colliders with energy
√
s ≥ 0.5 TeV. The bounds on mixing matrix
element KNe between heavy neutrino and electron are found from existing experi-
mental data in models without right-handed currents. The maximum possible value
of the KNe is very small if there is only one heavy neutrino (nR = 1) or, in the case
of a larger number of heavy neutrinos (nR > 1), if their CP eigenvalues are the same.
This small bound results from the lack of a signal in neutrinoless double-β decay. In
this case the cross section for production of light and heavy neutrinos (e+e− → νN)
is very small from 0.16 fb for
√
s = 0.5 TeV and mN = 100 GeV up to 1.6 fb for√
s = 2 TeV and mN = 1 TeV.
The lack of any signal from neutrinoless double-β decay does not give such a
restrictive bound if the CP eigenvalues of two or more heavy neutrinos are not the
same. Now the e+e− → νN cross section can be larger and equals σ = 240(287) fb for√
s = 0.5(2) TeV and mN = 100 GeV. We have also found angular distribution of the
final charged lepton in the total CM frame resulting from the heavy neutrino decay.
The angular distribution has forward-backward symmetry, contrary to background
process e.g. e+e− → W+W−(→ e−νe). This property could point to the existence of
a heavy neutrino. The charged lepton angular distribution depends on CM energy,
mass of the heavy neutrino and mass of the lightest Higgs boson.
Appendix
We would like to present the cross section for production (e+e− → νN) and decay
of Majorana neutrino N → l±W∓, ν ′Z processes which are very useful in practical
application. We consider the Ne−W+ interaction without the right-handed coupling
and neglected the electron mass (me = 0).
Production process e+e− → νN
The production process e−(σ) + e+(σ¯) → ν(λ) + N(λ¯) is described by 8 helicity
amplitudes (∆σ = σ − σ¯,∆λ = λ¯− λ)
M(∆σ;λ, λ¯) =
(√
2
)1+|∆λ| { At
t−M2W
− Au
u−M2W
+
As
s−M2Z + iMZΓZ
}
D1 ∗∆σ,∆λ (φ,Θ, 0) ,
(A.1)
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where At,u,s are functions of fermion helicities
At(∆σ, λ, λ¯) =K
∗
NeKνe
√
1 + 2λ¯βδλ=−1/2δ∆σ=−1,
Au(∆σ, λ, λ¯) =KNeK
∗
νe
√
1− 2λ¯βδλ=+1/2δ∆σ=−1,
As(∆σ, λ, λ¯) =
[
1
2
(−1 + 2 tan2ΘW )δ∆σ=−1 + tan2ΘW δ∆σ=+1
]
×
[
ΩNν
√
1 + 2λ¯βδλ=−1/2 − Ω∗Nν
√
1− 2λ¯βδλ=+1/2
]
,
and
β =
s− sN
s+ sN
.
s,t,u are ordinary Mandelstam variables; Θ and φ are CM azimuthal and polar angles
of the heavy Majorana neutrino N with respect to the initial electron,
√
sN is the
invariant mass of the heavy neutrino, ΘW is the Weinberg angle.
Decay process N → l±W∓, νZ
In the helicity rest frame of N (Θ∗e and φ
∗
e are l
±’s or ν’s azimuthal and polar
angles respectively) the decay process N(λ¯) → V (λV ) + f(λf) is described by 4
helicity amplitudes (the final fermion mass is neglected, MV is the gauge boson mass)
T (λ¯;λV ;λf) =
√
sN −M2V FλV λfD1/2 ∗λ¯,λf−λV (φ
∗
f ,Θ
∗
f , 0) (A.2)
where
F++ =
√
2X, F−− =
√
2Y, F0+ =
√
sN
MV
X,
F0− =
√
sN
MV
Y, F+− = F−+ = 0
and 

X = − e√
2 sinΘW
KNe, Y = 0 for N → W−l+,
X = 0, Y = e√
2 sinΘW
K∗Ne, for N → W+l−,
X = − g
2 sinΘW cosΘW
ΩNν , Y =
g
2 sinΘW cosΘW
Ω∗Nν , forN → νZ.
Full cross section
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The angular distribution of the final lepton in the e+e− CM frame in the process
e+e− → νN(→ e±W∓) is given by ( (Θe, φe) are the CM azimuthal and polar angles
of final e± with respect to the initial electron (e−))
dσ
d cosΘe
=
G2FM
2
W
214s2π5
∫ 2pi
0
dφ
∫ 1
−1
d cosΘ
∫ 2pi
0
dφe
∫ s
M2
W
dsN
J
(sN −M2W )(s− sN )
sN [(sN −m2N)2 +M2NΓ2N ]∑
∆σ;λ,λV ,λf
|∑
λ¯
M
(
∆σ;λ, λ¯
)
T
(
λ¯;λV , λf
)
|2
(A.3)
where J is the Jacobian of the transformation between the e± angles in the CM
frame of the decaying neutrino and the CM frame of initial colliding leptons
J =
1− β2
(1− βz)2w
{
sin2Θ sin2 (φe + φ)
+ (cosΘ sinΘe − sinΘ cosΘe cos (φe + φ))2
}
(A.4)
where
w = sin2Θe sin
2 (φe + φ)
+ (cosΘ sinΘe cos (φe + φ)− sin Θ cosΘe)2 , (A.5)
and
z = sinΘ sinΘe cos (φe + φ) + cosΘ cosΘe. (A.6)
The amplitude T (λ¯, λV , λf) in Eq.(A.2) is introduced in the CM frame of the
decaying neutrino. We need to determine the exact dependence between Θe, φe and
Θ∗e, φ
∗
e variables. They are given by the relations
cosΘ∗e =
−β + z
1− βz , (A.7)
tanφ∗e =
sinΘe sin (φe − φ)
cosΘ sinΘe cos (φe − φ)− sinΘ cosΘe (A.8)
and
sign(sinφ∗e) = sign(sin (φe + φ)), (A.9)
(tanφ∗e and sign(sinφ
∗
e) describe the φ
∗
e univocally in the region 0 < φ
∗
e < 2π).
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MN [GeV] Γ
total
N / | KNe |2 [GeV]
mH = 100 GeV mH ≥ mN GeV
100 0.22 0.22
150 2.9 2.6
200 8.7 7.2
300 33.1 26.1
500 160.2 143
700 445.5 337.5
1000 1306 984
Table 1. The total width for a heavy neutrino decay divided by mixing matrix element | KNe |2
with the decay channels Γ (N → νlH) (second column) and without these channels (third column)
for various heavy neutrino masses mN .
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MN [GeV] σ
total
max [fb], nR = 1
√
s = 0.5 TeV
√
s = 1 TeV
√
s = 2 TeV
100 0.18 0.2 0.2
150 0.25 0.3 0.3
200 0.31 0.4 0.4
300 0.34 0.6 0.6
500 - 0.8 1.0
700 - 0.7 1.3
1000 - - 1.6
Table 2. Total cross section σtot (e
+e− → νN) in nR = 1 case (see Eq.(14) with ω2 = 2 ·
10−5 TeV −1) for various heavy neutrino masses and three different total energies
√
s = 0.5, 1, 2
TeV. If ω2 ≃ 80 · 10−5 TeV −1 [13] all numbers in the Table should be multiplied by 40.
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MN [GeV] σ
tot
max [fb] nR > 1
√
s = 0.5 TeV
√
s = 1 TeV
√
s = 2 TeV
100 240 275 287
150 227 271 286
200 209 267 285
300 155 252 281
500 - 207 270
700 - 138 252
1000 - - 216
Table 3 Total cross section σtot (e
+e− → νN) for various heavy neutrino masses and total
energies
√
s calculated with largest possible value of | KNe |2 (nR > 1 case, see Eq.(28)). Result is
given for κ2 = 0.0054.
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